
CATALYZED CARBON GASIFICATION: THERMAL DESORPTION STUDIES ON CARBON-OXYGEN SURFACE 
COMPLEXES 

Ramkrishna V .  ::ayak and Robert  G .  J enk ins  

Fue l  Sc ience  Program 
Department of M a t e r i a l s  Science and Engineer ing 

The Pennsylvania  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  Pa rk ,  PA 16802 

INTRODUCTION 

The exposure of a c l e a n  carbon s u r f a c e  t o  oxygen r e s u l t s  i n  t h e  fo rma t ion  of 
s t a b l e  oxygen complexes ( I ) .  A l a r g e  v a r i e t y  of s t u d i e s ,  e .g . ,  c h e m i s o r p t i o n ,  
d e s o r p t i o n ,  and s p e c t r o s c o p i c ,  have been performed t o  understand t h e  n a t u r e ,  
composi t ion and s t a b i l i t y  of t h e s e  complexes (2-12).  The programmed t empera tu re  
d e s o r p t i o n  t echn iques  have proved t o  be u s e f u l  i n  y i e l d i n g  in fo rma t ion  on t h e  t o t a l  
amount of oxygen p r e s e n t  on t h e  ca rbon  s u r f a c e ,  t h e  amounts of CO and C 0 2  i n  
t h e  desorbed product  and t h e  e n e r g e t i c s  of t he  complex d e s o r p t i o n .  Many workers  have 
used temperature  programmed d e s o r p t i o n  t echn iques  t o  s tudy  the  carbon-oxygen s u r f a c e  
complexes (10-12).  However, t h e  m a j o r i t y  of t h e  work has  been performed on "pure" 
carbons.  Very l i t t l e  work has  been conducted p rev ious ly  on the e f f e c t  o f  added 
c a t a l y s t ( s )  on the  decomposi t ion o f  carbon-oxygen s u r f a c e  complexes.  I n  r e c e n t  
s t u d i e s  on a g rapha t i zed  Eurnace b l a c k ,  Vulcan 3 (V3G), i t  has  been found t h a t  
d e p o s i t i o n  of P t  on t h e  carbon s u r f a c e  l e a d s  t o  s i g n i f i c a n t  enhancement of t h e  
C - 0  r e a c t i o n  r a t e  ( 1 3 ) .  To e l u c i d a t e  the  cause of t h i s  enhanced r e a c t i v i t y  i t  
was decided t o  conduct  l i n e a r  t empera tu re  programmed d e s o r p t i o n  (LTPD) s t u d i e s  of 
t h e  carbon-oxygen s u r f a c e  complexes formed on t h e  P t -VHG.  
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EXPERIMENTAL 

i.  M a t e r i a l s  - A g r a p h i t i z e d  Eurnace b l a c k ,  Vulcan 3,  was used i n  t h i s  
i n v e s t i g a t i o n .  The g r a p h i t i z a t i o n  procedure used i s  d e s c r i q e d  e l sewhere  ( 1 5 ) .  The 
V 3 G  has a t o t a l  s u r f a c e  a r e a  (BET, N 2 ,  77 K) of about  60 m /g (16 ) .  
Plat inum was depos i t ed  on t h e  V3G from a c h l o r o p l a t i n i c  a c i d  s o l u t i o n .  Subsequen t ly ,  
c h l o r o p l a t i n i c  a c i d  was reduced t o  P t  by h e a t i n g  the sample t o  775 K i n  f lowing 
H fo r  15 h.  Two samples of V3G wi th  d i f f e r i n g  amounts of P t  were p repa red .  The 
P i  c o n t e n t  i n  t h e  two samples w a s  0.075% and 1.07% ( u t ) ,  r e s p e c t i v e l y .  These samples 
a r e  r e f e r r e d  a s  0.075% Pt-V3G and 1.07% P t -  V3G. 

i i .  Apparatus - The LTPD s t u d i e s  were conducted i n  a h o r i z o n t a l  m u l l i t e  tube 
fu rnace .  Samples (-1-1.2 g )  were h e l d  i n  an alumina b o a t .  The fu rnace  t empera tu re  
was c o n t r o l l e d  u s i n g  a Eurotherm ana log  t empera tu re  c o n t r o l l e r  and programmer u n i t .  
The sample t empera tu re  was measured abou t  5 nun above the  c e n t e r  of t h e  boa t  u s ing  a 
chromel-alumel thermocouple.  C o n c e n t r a t i o n s  o f  CO and CO i n  t he  N 
s t ream d u r i n g  d e s o r p t i o n  were measured con t inuous ly  us ing2nond i spe r s ive  i n f r a r e d  
a n a l y z e r s  (Beckman Model 865) .  I n  t h i s  system the  s e n s i t i v i t y  t o  measure CO and 
CO 
flow r a t e s  were c o n t r o l l e d  u s i n g  f i n e  need le  v a l v e s  and measured u s i n g  a soap-bubble 
me te r .  Oxygen chemiso rp t ion  w a s  performed u s i n g  dry grade a i r .  Desorp t ion  was 
performed i n  f lowing u l t r a  h i g h  p u r i t y  n i t r o g e n  (99 .999%).  

iii. Procedure - In t h e  c a s e  of 0.075% Pt-V3G and 1.07% Pt-V3G samples ,  t he  
procedure involved f i r s t  bu rn ing  o f f  t h e  sample t o  24% weight  loss  i n  a i r  a t  a 
s e l e c t e d  temperature .  Subsequen t ly ,  LTPD w a s  performed. L a t e r  a s e r i e s  of oxygen 
chemisorption-LTPD expe r imen t s  were c a r r i e d  o u t  on t h e  same sample i n - s i t u .  
Deso rp t ion  was always c a r r i e d  o u t  i n  f lowing n i t r o g e n  (300 cc/min)  a t  5 K/min 
h e a t i n g  r a t e  t o  the  maximum tempera tu re  of 1230 K and 3 h soak t ime.  Thus, t h e  
sequence f o r  a Pt-V3G sample was ( a )  i n i t i a l  r e a c t i o n  (B.O.), ( b )  d e s o r p t i o n ,  
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i n  t h e  gas s t r eam was approx ima te ly  1 ppm and 0 . 5  ppm, r e s p e c t i v e l y .  Gas 2 
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(C) Oxygen a d s o r p t i o n ,  ( d )  d e s o r p t i o n ,  ( e )  oxygen a d s o r p t i o n ,  ( f )  d e s o r p t i o n .  I n  t h e  
Case Of Pure V3G, t h e  sample used a l r e a d y  had been g a s i f i e d  t o  24% burn-off  (B.0.) 
i n  a s e p a r a t e  tube fu rnace  a t  723 K i n  0 .1  MPa of dry a i r .  T h e r e f o r e ,  i n  t he  case  of 
Pure V3G sample the  sequence was somewhat d i f f e r e n t .  
t empera tu re  s e l e c t e d  f o r  t he  3 
were d i f f e r e n t  such t h a t  t he  r e a c t i o n  r a t e  f o r  t he  t h r e e  samples  would be s i m i l a r  
d u r i n g  the  g a s i f i c a t i o n .  A l l  t he  t h r e e  samples were burned-off  t o  the same l e v e l  Of 
a c t i v a t i o n  ( 2 4 % ) .  The a d d i t i o n a l  g a s i f i c a t i o n  t h a t  occu r red  d u r i n g  
adso rp t ion -deso rp ton  c y c l e s  was small  ( - 1 % )  and was n e g l e c t e d .  

The g a s i f i c a t i o n  r e a c t i o n  
samples (pu re  V3G, 0.075% Pt-V3G and 1.07% Pt-V3G) 

RESULTS AND D I S C U S S I O N  -- 
Data ob ta ined  i n  each run c o n s i s t  of CO and CO d e s o r p t i o n  r a t e s  a s  a 2 f u n c t i o n  of t empera tu re l t ime .  F igu re  1 and F igure  2 show t h e  d e s o r p t i o n  p r o f i l e s  of 

co and C O z I  r e s p e c t i v e l y ,  ob ta ined  f o r  t he  3 samples under  t h e  same 
chemiso rp t ion  c o n d i t i o n s .  These f i g u r e s  do no t  show t h e  d e s o r p t i o n  r a t e s  d u r i n g  the 
3 h soak pe r iod .  The d e s o r p t i o n  p r o f i l e s  ob ta ined  under t h e  d i f f e r e n t  chemiso rp t ion  
c o n d i t i o n s  were s i m i l a r  i n  o v e r a l l  n a t u r e .  The CO d e s o r p t i o n  r a t e  i n  a l l  c a s e s  d i d  
no t  s t o p  a t  1230 K ,  b u t  upon soak ing  t h e  sample f o r  3 h a t  1230 K ,  t h e  d e s o r p t i o n  
r a t e s  reduced t o  a very low l e v e l .  A s  can be seen ,  t h e  CO and Cog d e s o r p t i o n  
r a t e  p r o f i l e s  a r e  very d i f f e r e n t .  A s  examples ,  CO d e s o r p t i o n  s t a r t e d  a t  a 
lower temperature  than  d i d  t h e  CO d e s o r p t i o n ;  t he  e v o l u t i o n  of COP was complete  
i n  a temperature  range where t h e  CO d e s o r p t i o n  r a t e  was r each ing  a peak; and the  
CO d e s o r p t i o n  p r o f i l e s  had more peaks than d i d  t h e  CO p r o f i l e .  In t h e s e  
exBeriments i t  was always found t h a t  t h e  amount of oxygen complex t h a t  desorbed a s  
C 0 2  was much l e s s  t han  t h a t  desorbed a s  CO ( s e e  Table  1 ) .  From the  s t u d i e s  
performed a t  d i f f e r e n t  t empera tu res  i t  was found t h a t  a s  t h e  chemiso rp t ion  
t empera tu re  was lowered (713-303 K) t hen  the  t empera tu re  a t  which the  CO d e s o r p t i o n  
s t a r t e d  was a l s o  lowered.  However, t h e  t empera tu re  a t  which t h e  CO d e s o r p t i o n  r a t e  
was a maximum seemed t o  be independent  of t h e  chemiso rp t ion  t empera tu re  ( and ,  
t h e r e b y ,  a l s o  was independent  of t h e  amount of oxygen on t he  s u r f a c e ) .  This s u g g e s t s  
t h a t  t he  CO d e s o r p t i o n  r a t e  is  a un imolecu la r  p rocess  ( 1 7 ) .  I n  a l l  c a s e s ,  a shou lde r  
i n  t h e  CO d e s o r p t i o n  r a t e  appeared a t  h igh  t empera tu re  (1100-1230 K). The presence 
o f  a shou lde r  i n d i c a t e s  t he  presence of more than one k ind  of s i t e s  andfo r  oxygen 
complexes deso rb ing  a s  CO. 
d e s o r p t i o n  s t a r t e d  a t  lower t empera tu re  i f  t h e  O2 chemiso rp t ion  was performed 
a t  lower t empera tu re .  The t empera tu res  a t  which peaks i n  C 0 2  e v o l u t i o n  r a t e  
appeared a l s o  seemed t o  be independent  of t h e  chemiso rp t ion  t empera tu re  ( a n d ,  t h u s ,  
o f  t he  amount of 0 on the  s u r f a c e ) .  Again,  t h i s  s u g g e s t s  f i r s t  o r d e r  
decomposi t ion beha6 io r  f o r  C 0 2 .  Presence of P t  appea r s  to have s h i f t e d  the  peak 
i n  CO d e s o r p t i o n  r a t e  t o  a s l i g h t l y  lower t empera tu re  (965 K t o  950 K). However, t h e  
h i g h e r  temperature  shou lde r  appea r s  t o  be l i t t l e  a f f e c t e d  by the  presence of P t .  I t  
shou ld  be noted t h a t  d e s o r p t i o n  of C 0 2  appea r s  t o  be markedly a c c e l e r a t e d  by 
P t .  For P t  c o n t a i n i n g  samples the  low t empera tu re  peak (570 K) was p r e s e n t .  However, 
t h i s  peak was a b s e n t  i n  t h e  pure V3G d e s o r p t i o n  p ro f i , l e .  A l so ,  p r o p o r t i o n a t e l y  more 
CO desorbed a t  lower t empera tu res  i n  the  c a s e  of Pt-V3G compared t o  pure V3G. 
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A s  was the  case  f o r  CO d e s o r p t i o n ,  t h e  C 0 2  

2 

The d e s o r p t i o n  p r o f i l e s  can be i n t e g r a t e d  t o  o b t a i n  t o t a l  amount of oxygen 
desorbed a s  CO and C 0 2  i n  each c a s e .  Table  I g i v e s  t h e  t o t a l  amount oE oxygen 
and the  amount of oxygen t h a t  desorbed a s  CO and C 0 2  from t h e  3 s a m p l e s .  The 
amount of  oxygen chemisorbed i n c r e a s e d  wi th  i n c r e a s i n g  chemiso rp t ion  t empera tu re .  I t  
a l so  inc reased  wi th  i n c r e a s e  i n  P t  c o n t e n t .  The amount o f  0 a s s o c i a t e d  wi th  P t  
i n  t h e s e  c a s e s  was very small ( - 5 % )  and was n e g l e c t e d .  2 

The amount of oxygen chemisorbed on a carbon sample can be used to de t e rmine  
t h e  a c t i v e  s u r f a c e  a r e a  of t h e  carbon a s  d e s c r i b e d  by La ine  e t  a l .  ( 1 9 ) .  In t he  case  
of 0.075% Pt-V3G (24% B.O.), t h e  amount of oxygen chemisorbed a t  473 K and 0.1 MPa 
a i r  f o r  1 2  h corresponded t o  abou t  LO% of t h e  t o t a l  s u r f a c e  a r e a .  For 1.07% Pt-V3G 
(23.5% B.O. )  and V3G ( 2 4 %  B.O. )  t h e  amount of O2 chemisorbed a t  473 K 

173 



and 0 . 1  MPa a i r  corresponded t o  abou t  13% and 6.5% of t h e  t o t a l  s u r f a c e  a r e a ,  
r e s p e c t i v e l y .  This s i g n i f i c a n t l y  h i g h e r  amount of oxygen adsorbed i n  t he  presence of 
P t  could be due t o  s p i l l o v e r  o f  O2 from P t  on to  carbon b a s a l  p l a n e s .  

The d e s o r p t i o n  r a t e  v e r s u s  t empera tu re  d a t a  can a l s o  be t r e a t e d  mathematical ly  
t o  y i e l d  s u r f a c e  c o m p l e x l s i t e  ene rgy  d i s t r i b u t i o n  a s  a f u n c t i o n  of s u r f a c e  coverage 
( 1 4 ) .  F igu re  3 and F igure  4 show for CO and COz, r e s p e c t i v e l y ,  t h e  d e s o r p t i o n  
s u r f a c e  s i t e / c o m p l e x  energy (E ) a s  a f u n c t i o n  of s u r f a c e  coverage.  For both 
g a s e s ,  as the  s u r f a c e  was uncovered t h e  a c t i v a t i o n  energy fo r  d e s o r p t i o n  inc reased .  
The v a r i a t i o n  i n  Ed f o r  CO d e s o r p t i o n  ( F i g u r e  3 )  w i th  s u r f a c e  coverage was 
e s s e n t i a l l y  l i n e a r  f o r  most of t he  s u r f a c e  coverage (0.2-0.8) whereas a t  the 
beginning and t h e  end of t h e  s u r f a c e  cove rage ,  t h e  v a r i a t i o n  i n  Ed was marked. 
The COP d e s o r p t i o n  energy v a r i e d  ,in a l i n e a r  f a s h i o n  f o r  t h e  i n t e r m e d i a t e  
s u r f a c e  cove rage .  But f o r  sma l l  s u r f a c e  coverage ( ~ 0 . 2 )  and l a r g e  s u r f a c e  coverage (> 
0 . 8 ) ,  E v a r i e d  r a t h e r  r a p i d l y .  The a c t i v a t i o n  energy f o r  C 0 2  d e s o r p t i o n  
v a r i e d  getween 112 KJ/mole t o  300 KJ/mole and f o r  CO, t h e  a c t i v a t i o n  energy va r i ed  
between 200 KJ/mole t o  400 KJ/mole. These v a l u e s  ag ree  w e l l  with the  v a l u e s  l i s t e d  
i n  the l i t e r a t u r e  ( 1 2 , 1 4 , 2 2 ) .  

f u n c t i o n  of s u r f a c e  oxygen coverage f o r  t h e  3 d i f f ' e r e n t  samples ,  V3G (24% B.O.), 
0.075% Pt-V3G (24% B.O.), 1.07% Pt-V3G (23.5% B . O . ) .  Chemisorpt ion on t h e s e  samples 
was done under t h e  same c o n d i t i o n s  o f  t empera tu re  and p r e s s u r e  (473 K ,  0 .1  MPa a i r ) .  
For  the CO d e s o r p t i o n  ene rgy ,  t h e  e f f e c t  of P t  appea r s  t o  be s m a l l .  The Cog 
d e s o r p t i o n  energy as a f u n c t i o n  of s u r f a c e  coverage shows marked d i f f e r e n c e  a s  P t  
c o n t e n t  on V3G i n c r e a s e s .  The a c t i v a t i o n  energy f o r  t h e  s u r f a c e  complex d e s o r p t i o n  
o f  CO d e c r e a s e d ,  a t  t he  same s u r f a c e  cove rage ,  w i t h  i n c r e a s e  i n  P t  c o n t e n t .  I n  
o t h e r  words,  t h e  p re sence  of P t  appea r s  t o  h e l p  i n  d e s o r p t i o n  of COP complexes.  
Th i s  ag rees  with the  r e a c t i v i t y  measurements performed on t hese  samples us ing  a TGA 
and a f low r e a c t o r  with n o n d i s p e r s i v e  inEra red  d e t e c t o r s  ( 1 3 ) .  In the  c a s e  of 
Pt-V3G, CO was found to  be the  s o l e  g a s i f i c a t i o n  product  a t  723 K (0 .1  MPa 
a i r ) .  The r e a c t i v i t y  of 1.07% Pt-V3G was abou t  400 times h i g h e r  compared t o  t h a t  of 
pu re  V3G. As P t  c o n t e n t  i n c r e a s e d  t h e  sample r e a c t i v i t y  i n c r e a s e d .  This  i n c r e a s e  i n  
measured r e a c t i v i t y  with P t  c o n t e n t  i s  probably r e l a t e d  to  the e a s e  of decomposi t ion 
o f  oxygen complexes a s  C 0 2  because no CO was d e t e c t e d  i n  t h e  g a s i f i c a t i o n  s t e p .  
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F igu res  3 and 4 a l s o  show t h e  v a r i a t i o n  i n  E f o r  CO and COP a s  a 

2 

2 

CONCLUSION 

The s u r f a c e  of V3G is he te rogeneous  i n  n a t u r e  and s e v e r a l  t ypes  of s u r f a c e  
oxygen s p e c i e s  a r e  formed upon i t s  exposure  to  02. With a d d i t i o n  of P t ,  t h e  
amount of O2 fhemisorbed on V3G i n c r e a s e s .  Under t h e  c o n d i t i o n s  used i n  t h i s  
s t u d y ,  a s i g n i f i c a n t  p o r t i o n  of t h e  V3G t o t a l  s u r f a c e  w a s  covered with oxygen, 
i n d i c a t i n g ,  p robab ly ,  s p i l l o v e r  of oxygen from P t  on to  the  carbon s u r f a c e .  The 
s t a b i l i t y  of t he  s u r f a c e  oxygen complexes depends upon the  c o n d i t i o n s  of t empera tu re  
and p r e s s u r e  under which they a r e  formed. The p resence  of P t  on t h e  V3G f u r t h e r  
changes t h e  s t a b i l i t y  of t h e  s u r f a c e  oxygen complexes.  LTPD i s  a very u s e f u l  
t echn ique  t o  s tudy  t h e  s t a b i l i t e s  of t he  s u r f a c e  oxygen s p e c i e s  formed on a carbon 
s u r f a c e .  Using t h i s  t echn ique  i t  is found t h a t  t h e  p re sence  of P t  a f f e c t s  t he  
s t a b i l i t y  of both CO and COP forming s u r f a c e  oxygen s p e c i e s .  But t h e  e f f e c t  on 
t h e  CO 
s p e c i e s .  Th i s  r e s u l t s  i n  a d e c r e a s e  i n  a c t i v a t i o n  energy f o r  COP d e s o r p t i o n  a t  
t h e  same f r a c t i o n a l  s u r f a c e  coverage from Pt-V3G compared t o  pure V 3 G .  The 
r e a c t i v i t y  measurements performed on t h e s e  samples  showed t h a t  P t  enhances t h e  
r e a c t i v i t y  o f  V3G i n  O2 by a t  least  2 o r d e r s  of magnitude and COP is t h e  
s o l e  r e a c t i o n  product  upto 715 K .  

forming s u r f a c e  oxygen s p e c i e s  i s  much more than t h e  CO forming s u r f a c e  2 
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Figure 1: CO Desorption Profiles After 473 K-12 h Chemisorption 
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Figure 2 :  C 0 2  Desorption Profiles After 473 K - 1 2  h Chemisorption 
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Chemisorption Condition: 473 K-0.1 MPa Air - 12 h 95 
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Figure 3: Surface Energy Distribution Profiles Obtained from CO 
Desorption Prof i les 
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Figure 4:  Surface Energy Distribution Profiles Obtained from C 0 2  
Desorption Profiles 
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